Summary mRNA localization and regulated translation provide a means of spatially restricting gene expression within neurons during axon guidance and long-term synaptic plasticity. Here we show that synapse formation specifically alters the localization of the mRNA encoding sensorin, a peptide neurotransmitter with neurotrophin-like properties. In isolated Aplysia sensory neurons, which do not form chemical synapses, sensorin mRNA is diffusively distributed throughout distal neurites. Upon contact with a target motor neuron, sensorin mRNA rapidly concentrates at synapses. This redistribution only occurs in the presence of a target motor neuron and parallels the distribution of sensorin protein. Reduction of sensorin mRNA, but not protein, with dsRNA inhibits synapse formation. Our results indicate that synapse formation can alter mRNA localization within individual neurons. They further suggest that translation of a specific localized mRNA, encoding the neuropeptide sensorin, is required for synapse formation between sensory and motor neurons.
Introduction
As the nervous system develops, neurons contact a multitude of potential targets and yet form selective and specific synapses. Identified neurons of Aplysia californica provide an ideal system to study synapse specificity in vitro because, unlike most neuronal culture systems, sensory neurons (SNs) selectively form chemical synapses only with their in vivo target motor neurons (MNs) in culture. Thus, Aplysia SNs do not form chemical synapses with themselves (autapses) or with other SNs in culture. When cultured with a target MN, they rapidly form glutamatergic synapses (Conrad et al., 1999; Dale and Kandel, 1993) ; when cultured with a nontarget MN, they do not form chemical synapses, although their neurites will fasciculate with the motor cell (Glanzman et al., 1989; Hawver and Schacher, 1993) . These features provide an opportunity to cleanly dissect molecular mechanisms underlying growth, contact, and fasciculation from those underlying selective synapse formation.
Many insights into glutamatergic synapse formation have come from studies of low-density dissociated rodent hippocampal cultures, where efforts have focused on identifying the specific proteins that trigger synapse formation and on elucidating the mechanisms whereby proteins are sorted to nascent synapses (Niell and Smith, 2004; Ziv and Garner, 2004) . Imaging studies have indicated that synapses form within 30-60 min of axodendritic contact. This rapid assembly is mediated by the insertion of precursor vesicles containing many preassembled active zone molecules into the presynaptic terminal and by a more sequential recruitment of molecules to the postsynaptic specialization (Bresler et al., 2004) . Together with genetic studies in Drosophila and C. elegans, these cell culture experiments have identified a number of key proteins involved in synapse formation (Broadie and Richmond, 2002; Jin, 2002) , including cell adhesion molecules and postsynaptic scaffolding proteins, channels, and receptors. Such studies have revealed that functional synapse formation is a multistep process, involving synapse assembly, maturation, and stabilization (Waites et al., 2005) .
Recent studies have also suggested a role for local translation of mRNAs during synapse formation. Specific transcripts have been detected in axonal growth cones, and experiments in which protein synthesis is inhibited locally at the growth cone have implicated a role in axon guidance (Brittis et al., 2002; Campbell and Holt, 2001 ) and perhaps in synapse formation itself (Zhang and Poo, 2002) . mRNA localization and regulated translation have also been shown to contribute to longlasting forms of learning-related plasticity, where they may be involved in initiating or stabilizing new synapse formation (Martin, 2004) .
To identify mRNAs that are localized in distal Aplysia sensory cell neurites, we generated a cDNA library from isolated processes of SNs (Moccia et al., 2003) . One of the transcripts in the library encoded a sensorycell-specific neuropeptide, sensorin. This mRNA had previously been noted to be expressed exclusively in SNs and to be localized in distal neurites (Brunet et al., 1991) . The distribution of sensorin mRNA in the SN cell body has been shown to change with the addition of a target MN, such that sensorin mRNA concentrates at the axon hillock (Hu et al., 2002 . More recently, sensorin was reported to activate MAPK in an autocrine manner, a required step for long-term facilitation of the sensory-motor synapse (Hu et al., 2004) . Release of sensorin peptide has been shown to regulate the formation and stabilization of sensory-motor synapses (Hu et al., 2004) . In characterizing sensorin mRNA localization by in situ hybridization (ISH), we observed that in synaptically unconnected SNs, sensorin mRNA was distributed diffusely throughout the neurite, with some concentration in the growth cone. In synaptically connected neurons, sensorin mRNA concentrated at sites of synaptic contact. Sensorin protein showed a similar pattern of redistribution. Using cultures in which a single bifurcated SN was grown with a target MN (L7) and a nontarget MN (L11), we found that sensorin mRNA was selectively targeted toward L7. Finally, we found that sensorin mRNA redistributed within 6 hr of contact with a MN. This redistribution required new transcription. Injection *Correspondence: kcmartin@mednet.ucla.edu of sensorin dsRNA into the SN prior to addition of a MN inhibited formation of an excitatory postsynaptic potential (EPSP) between the SN and MN. While the dsRNA significantly decreased sensorin mRNA, it did not decrease the concentration of sensorin protein, suggesting that new translation of sensorin mRNA is required for synapse formation.
Results
Synapse Formation Alters the Distribution of Sensorin mRNA in Aplysia Sensory Neurites To characterize the effect of synapse formation on sensorin mRNA localization, we grew Aplysia SNs in isolation or in contact with their LFS target MNs. After recording EPSP amplitude, cells were fixed and processed for fluorescent ISH (FISH). In isolated SNs (n = 16), sensorin mRNA was distributed diffusely throughout the neurites, with highest concentrations in the cell soma and growth cones ( Figure 1A and see Figure S1 in the Supplemental Data available online). In contrast, SNs grown with their LFS target MNs (n = 18) displayed predominantly punctate mRNA localization. To quantify the difference in sensorin mRNA distribution between isolated and synaptically connected SNs, we drew a line along a length of neurite and determined the coefficient of variation (CV; standard deviation divided by mean pixel intensity, expressed as percent). The more diffuse the staining pattern, the lower the CV, whereas the more punctate the staining pattern, the greater the CV. The mean CV of the isolated SNs was 78 6 5; while the mean CV in the synaptically connected SNs was 113 6 7 (p < 0.0005). Importantly, this difference in mRNA distribution was not due to the increased volume at varicosities. Thus, when SNs grown with MN were filled with the soluble dye Alexa fluor 488 and subsequently stained for sensorin mRNA, the CV of the soluble dye was significantly lower (p < 0.0001) than the CV of sensorin mRNA analyzed in the same neurites ( Figure S2 ). Redistribution from diffuse sensorin mRNA in isolated SNs to a more punctate distribution in sensory-motor cocultures was also observed when the mRNA was visualized by ISH with alkaline-phosphatase detection (see Figure S3) . Together, the results indicate that synapse formation is capable of redistributing sensorin mRNA within the neurites of Aplysia SNs.
To determine whether the puncta of sensorin mRNA localized to synapses, we expressed the synaptic marker GFP-VAMP (synaptobrevin) in SNs and labeled the LFS MNs with Alexa fluor 633 hydrazide ( Figure 1C ). As shown in Figure 1C , sensorin mRNA puncta colocalized with GFP-VAMP at sites of contact with the postsynaptic MN, indicating that the mRNA was indeed concentrated at synapses. Approximately 60% of VAMPpositive varicosities also contained sensorin mRNA.
Both Fasciculation and Synapse Formation Alter Sensorin mRNA Localization
To test whether sensorin mRNA localization was altered by synapse formation or by fasciculation with the MN, we cultured sensory cells with a physiological target MN, L7, or with a physiological nontarget MN, L11 (Figures 2A and 2B ). Although SNs fasciculated with both L7 and L11 MNs, they only formed chemical synapses with L7 MNs (n = 10, EPSP = 8.8 6 2.0 mV), not with nontarget MNs (n = 7, EPSP = 0 mV). FISH revealed that synaptically connected SNs had more punctate mRNA staining To quantify redistribution of sensorin mRNA, a line was drawn through the sensory neurite and the coefficient of variation (CV; standard deviation divided by mean, expressed as a percent) was determined. SNs paired with their target MN (n = 18) displayed more punctate staining, reflected in a greater CV, than isolated SNs (p < 0.0005, unpaired Student's t test) as well as higher levels of overall mRNA staining (p < 0.0001, unpaired Student's t test). The histograms show mean CV and mean pixel intensity 6 SEM. (C) Sensorin mRNA puncta are localized to the sites of synaptic contact. Fluorescent in situ hybridization of sensorin mRNA in sensory-motor cocultures. Sensory cells expressed GFP-VAMP (synaptobrevin) as a synaptic marker. The MN was labeled with Alexa fluor 633 hydrazide. Note that the sensory neurite (expressing GFP-VAMP, green) fasciculates along the motor neurite (stained with Alexa fluor 633, blue). Sensorin mRNA puncta colocalized with areas of high GFP-VAMP staining (arrows) and were in contact with the MN. Scale bar, 50 mm.
than SNs grown with the nontarget L11 MN (p < 0.05, Figures 2A and 2B ). SNs grown with a nontarget MN displayed more punctate staining than SNs grown in isolation (p < 0.05) ( Figure 2B ). Thus, sensorin mRNA was partially localized as a result of fasciculation, but synapse formation provided a significantly more powerful stimulus for mRNA redistribution (p < 0.001, L7 SN versus isolated SN CV).
Synapse Formation Increases the Concentration of Sensorin mRNA Examination of sensorin mRNA by ISH also revealed that synaptically connected SNs expressed more total sensorin mRNA than did isolated SNs (see Figure 1) . Thus, mean overall sensorin pixel intensity in isolated SNs was 46 6 6, whereas in synaptically connected cells it was 91 6 7 (p < 0.0001). This increase in sensorin expression was due to the presence of the target MN, as it was observed when SNs were cultured with L7 but not with L11 ( Figures 2A and 2B ). Thus, mean overall sensorin pixel intensity was significantly greater in SNs cultured with L7 (n = 10, mean pixel intensity = 82 6 9) than in SNs cultured with L11 (n = 7, mean pixel intensity = 39 6 8; p < 0.001). Mean sensorin pixel intensity in SNs cultured with L11 did not differ significantly from that in isolated SNs (isolated SN, n = 10, mean pixel intensity = 23 6 2, p > 0.05).
Sensorin mRNA in SNs Is Selectively Targeted toward L7 MN
To test whether sensorin mRNA can localize in a branchspecific manner, we used a culture system in which a single bifurcated SN contacted spatially separated L7 (target) and L11 (nontarget) MNs (Martin et al., 1997; Schacher et al., 1999 ) (n = 10). SNs formed synaptic connections with the target MN-L7 (EPSP = 13.3 6 3.4 mV) but not with the nontarget MN-L11 (EPSP = 0 mV). Significantly more sensorin mRNA was targeted to the branch connected to L7 than to the branch contacting nontarget L11 ( Figures 2C and 2D ). Sensorin mRNA concentration was greater in the neurite contacting the L7 (mean pixel intensity SN-L7 = 36 6 3 versus SN-L11 = 14 6 1, p < 0.001) and was concentrated mainly in synaptic varicosities (CV SN-L11 = 48 6 4; CV SN-L7 = 80 6 5, p < 0.0001). A single SN therefore can target mRNA toward its MN in a branch-specific manner.
Sensorin mRNA Localizes to the Sites of Newly Forming Synapses within Several Hours
To determine the kinetics with which sensorin mRNA relocalizes following synapse formation, we cultured (B) Synaptically connected SNs (L7-sn) showed more punctate staining than isolated SNs (p < 0.001, L7-sn versus isolated sn CV) and sensory cells grown with nontarget MN L11 (p < 0.05, L7-sn versus L11-sn CV). Synaptically connected neurons also expressed more sensorin mRNA than SNs grown with L11 (p < 0.001) and more than isolated SNs (p < 0.001). While SNs grown with L11 MN had slightly higher sensorin mRNA pixel intensity than did isolated SNs, this did not reach statistical significance (p > 0.05, one-way ANOVA followed by Newman Keul's multiple-comparison test). The histograms show mean CV and mean pixel intensity 6 SEM. (C) Sensorin mRNA in single SNs is selectively targeted toward the L7 MN. Sensorin in situ hybridization of bifurcated SN in contact with two spatially separated MNs, a target MN L7 and a nontarget MN L11. Only the branch contacting the target L7 neuron formed synapses. Sensorin mRNA was more punctate in the branch contacting the L7 MN. Scale bars, 50 mm. (D) Branches of bifurcated SNs that formed synapses with the MN L7 displayed more punctate (p < 0.0001) and abundant (p < 0.001) mRNA staining than branches in contact with L11. The histograms show mean CV and mean pixel intensity 6 SEM.
isolated SNs and then added MNs the following day to a subset of these SNs. An LFS MN was placed on one side of the sensory arbor, allowed to adhere for a period of time ranging between 5.5 and 12 hr, and the amplitude of the EPSP between the sensory-motor neurons was recorded. The cells were then fixed and processed for FISH. Consistent with previous reports (Coulson and Klein, 1997) , SNs and MNs formed synapses within this short time period (EPSP = 12.0 6 2.4 mV, n = 11). Strikingly, we found that as early as 5.5 hr after addition of the MN, sensorin mRNA had already localized to the sites of contact with the target neuron, where it was detected mainly in synaptic varicosities (Figure 3) . The mean pixel intensity in all of the varicosities in direct contact with the target MN was significantly larger than in varicosities that formed on the poly-l-lysine substrate on the opposite site on the arbor (p < 0.001, varicosities forming onto the poly-l-lysine substrate are not sites of synapse formation; Glanzman et al., 1989) . Importantly, the target-induced redistribution of sensorin mRNA required transcription. When target MNs were added to SNs in the presence of the transcriptional inhibitor actinomycin D, the cells formed synapses (EPSP amplitude = 4.4 6 0.5 mV, n = 11), but no alteration in the pattern of sensorin mRNA was observedspecifically, no accumulation of sensorin mRNA was detected at sites of SNs-MN contact ( Figure 3B ).
Synapse Formation Alters the Distribution of Sensorin Protein in Aplysia Sensory Neurites
To examine the effect of synapse formation on the distribution of sensorin protein (as opposed to mRNA), we cultured Aplysia SNs in isolation or with their LFS target MNs. We measured the EPSP amplitude of the SN-MN synapses in 4-day-old cultures and then performed immunocytochemistry with specific anti-sensorin antibodies. As shown in Figures 4A and 4B , the pattern of sensorin protein localization closely resembled that of sensorin mRNA staining (see Figure 1) . Specifically, in isolated SNs, sensorin immunoreactivity was abundant in the neuronal cell body and was diffusely localized throughout the neurites (CV = 57 6 2, n = 13), with higher concentrations in growth cones. In sensory cells grown with their target MN, it was concentrated in synaptic varicosities (CV = 78 6 3, n = 10, p < 0.0001, paired versus isolated CV). Thus, synapse formation altered the distribution of sensorin protein in a manner similar to that of sensorin mRNA, suggesting that the localized distribution of sensorin mRNA contributes to the localized distribution of sensorin protein. Previous studies have indeed shown that sensorin, a secreted protein, can be translated in isolated neurites (Liu et al., 2003) . While translational machinery and secretory pathway components have been previously identified in dendrites of rodent hippocampal neurons (Horton and Ehlers, 2003; Pierce et al., 2001) , their localization in Aplysia neurons has not been examined. Using immunocytochemistry with antibodies shown to cross-react in a specific manner with their Aplysia orthologs, we found that translation factors, endoplasmic reticulum, and Golgi appartus are present in Aplysia neurites (see Figure S4 ). Together, these results indicate that sensorin protein could be locally synthesized at the site of synaptic contact.
Sensorin mRNA Is Required for Synapse Formation
The localization of sensorin mRNA at the synapse suggests that it has a function in synapse formation. To test this possibility, we used dsRNA to acutely decrease sensorin mRNA and examined the effect on EPSP amplitude, a measure of functional synapse formation. Four to six hours following plating, SNs were microinjected with either sensorin dsRNA or a control dsRNA (see Experimental Procedures). A MN was added to the SNs 18 hr later, and EPSP amplitude was measured 12 hr later. Cells were then processed either for sensorin ISH or immunocytochemistry. As shown in Figure 5 , SNs microinjected with control dsRNA were able to form robust synaptic connections with their follower MNs (EPSP = 13.7 6 2.0 mV, n = 39), but microinjection of sensorin dsRNA into SNs strongly inhibited synapse formation (EPSP = 3.5 6 0.5 mV, n = 49; p < 0.0001). FISH analysis revealed that sensorin mRNA concentration was significantly reduced in cells injected with sensorin dsRNA as compared to cells injected with control dsRNA (mean pixel intensity = 51 6 4, n = 12, versus mean pixel intensity = 82 6 7, n = 10, p < 0.0002). As illustrated in Figure 5A , the decrease in sensorin mRNA was particularly pronounced in neurites (mean pixel intensity = 39 6 2 versus 85 6 8, p < 0.0001), and we did not observe any concentration of sensorin mRNA at varicosities contacting the MN in SNs injected with sensorin dsRNA (data not shown). Interestingly, microinjection of sensorin dsRNA did not decrease the concentration of sensorin protein as assayed by immunocytochemistry 48 hr later (Figures 5B and 5C ; mean pixel intensity in sensorin dsRNA = 84 6 10, versus mean pixel intensity in control dsRNA = 83 6 8; p = 1.0). This is consistent with the experiments in which incubation with protein synthesis inhibitors for a 24 or 48 hr period did not decrease sensorin immunoreactivity (data not shown), indicating that sensorin half-life exceeds 48 hr. Importantly, incubation with the protein synthesis inhibitor emetine completely blocked synapse formation. Thus, when SNs were cultured for 18 hr and then paired with a MN, EPSP amplitude (12 hr later) was 0 mV (n = 15), compared to 16 6 3 mV (n = 17) in control cultures (p < 0.0001). Taken together, these findings suggest that new translation of sensorin mRNA is required for synapse formation.
Discussion
Synaptogenesis requires that a number of changes occur at the site of contact between a pre-and postsynaptic neuron. Previous studies have suggested that many of these changes involve the redistribution of proteins to sites of synaptic contact. We now show that synapse formation is also capable of redistributing mRNA. We find that the mRNA encoding the neuropeptide transmitter sensorin is diffusely distributed throughout the neurites of isolated sensory cells but becomes concentrated at sites of synaptic contact with a target MN. This relocalization does not occur upon contact with a nontarget MN. Sensorin mRNA redistributes within 5.5 hr of contact with a synaptic partner. The pattern of sensorin protein parallels that of sensorin mRNA, raising the possibility that sensorin protein concentrates at the synapse as a result of local translation. Reduction of sensorin mRNA (but not sensorin peptide) using dsRNA inhibits the formation of an EPSP between SN and MN, suggesting that new translation of sensorin is required for synapse formation. Together, these studies indicate that synapse formation is capable of altering mRNA localization and suggest that gene expression can be regulated in a synapse-specific manner during synaptogenesis through the localization and regulated translation of mRNAs.
Throughout this study, we measured synapse formation by recording EPSP amplitude at early time points after addition of a postsynaptic MN to a presynaptic SN. The establishment of an EPSP between sensory and motor neuron is a complex process involving initial synapse assembly, synapse maturation, and synapse stabilization. While our studies indicate that local translation of sensorin mRNA is required for functional synapse formation, they do not allow us to determine the specific mechanistic role that sensorin plays in synapse formation. Thus, the requirement for sensorin mRNA translation during functional synaptogenesis may be due to a role of sensorin during initial synapse assembly, synapse maturation, and/or synapse stabilization.
Analysis of mRNA localization by ISH permits only a static image of mRNA distribution. The changes in sensorin mRNA localization that we observe could be due to mRNA trafficking, to differential stabilization of the transcript (see e.g., Hu et al., 2002) , or even to changes in the accessibility of the mRNA to the probe. A full understanding of the mechanism whereby local concentrations of sensorin mRNA are achieved will require realtime visualization of sensorin mRNA. Four of our findings, however, strongly support the idea that synapse formation induces transcription of sensorin mRNA, that newly transcribed sensorin mRNA is targeted to sites of synaptic contact, and that local translation of sensorin mRNA is required for efficient synapse formation. These findings are that (1) the concentration of sensorin mRNA is increased in SNs making synapses with MNs; (2) the concentration of sensorin mRNA at sites of synaptic contact requires transcription, as does efficient synapse formation; (3) dsRNA-induced decreases in sensorin mRNA but not protein inhibit synapse formation; and (4) inhibition of protein synthesis blocks synapse formation.
It is worth noting that neither actinomycin D nor sensorin dsRNA completely blocks the formation of an EPSP between sensory and MNs, but that emetine does. In the presence of actinomycin D and sensorin dsRNA, some sensorin RNA remains in distal neurites contacting the MN, and translation of this mRNA may be sufficient for a minimal degree of synapse formation and/or stabilization. However, although emetine does not reduce the concentration of sensorin protein in neurites (data not shown), it completely blocks the formation of an EPSP, indicating that newly translated sensorin protein is required. Again, these findings are consistent with the idea that localized sensorin mRNA must be translated for synapse formation or stabilization to occur.
While we do not yet understand the functional difference between pre-existing and newly synthesized sensorin, our findings are reminiscent of studies of CamKIIa in mouse hippocampus, in which loss of dendritically localized CamKIIa mRNA reduced the amount of CamKIIa in postsynaptic densities and produced deficits in latephase long-term potentiation and long-term memory despite the continued presence of localized, somatically synthesized CamKIIa protein (Miller et al., 2002) . They also speak to a puzzle that has emerged from the study of localized mRNAs, which is that many of these transcripts encode proteins that are in fact quite abundant at synapses, raising the question of why the cell would Cultured SNs (sn) were microinjected with control dsRNA or sensorin dsRNA 4-6 hr after plating. A target LFS MN (mn) was added the following day, and the sensory-motor EPSP amplitude was measured 12 hr later. Cells were fixed and processed for in situ hybridization (A) to examine sensorin mRNA or for immunocytochemistry (B) to examine protein concentrations. Scatter plots were used in this figure to visualize individual data points. The group mean is displayed as a horizontal line. (A and C) Microinjection of sensorin dsRNA, but not control dsRNA, decreased sensorin mRNA expression, and this decrease was particularly pronounced in neurites (sensorin versus control dsRNA mean pixel intensity, p < 0.0002, unpaired Student's t test). (B and C) Microinjection of sensorin dsRNA did not decrease sensorin protein concentration (mean pixel intensity sensorin dsRNA = 84 6 10, versus control dsRNA = 83 6 8; p = 0.9792, Student's t test). (D) Sensorin dsRNA blocked synapse formation between sensory and motor neurons, but sensory neurons microinjected with control dsRNA formed robust synaptic connections (sensorin versus control dsRNA EPSP, p < 0.0001, Student's t test). Scale bars, 50 mm. need to synthesize new protein when so much is already present.
Our results differ from those of Schacher and Wu (2002) , who find that synapse formation can occur in the absence of a cell body (and thus in the absence of transcription), and from Coulson and Klein (1997) , who find that synapse formation occurs in the absence of protein synthesis. There are, however, important and informative differences between their experiments and ours. In the experiments of Schacher and Wu, sensorymotor synapses were allowed to form for 2 days before the sensory soma was removed, at which time synaptic strength and the growth of new varicosities continued to increase even in the absence of a cell body. In the experiments of Coulson and Klein, SNs were grown for 24 hr under conditions where they do not extend neurites and were then paired with MNs so that soma-soma synapses formed. In contrast, our experiments examine the requirement for transcription, translation, and sensorin mRNA at the time of initial contact and assay synapses formed at distal sites. The differences are again consistent with the idea that synapse formation recruits new transcription of sensorin mRNA, that the sensorin mRNA localizes to the sites of synaptic contact, and that translation of this localized mRNA is required for synapse formation.
When we examined the localization of two other neuritically localized mRNAs, encoding a-tubulin and b-thymosin, we did not detect any effect of synapse formation on mRNA distribution (Moccia et al., 2003 ; and data not shown). Studies in rodent hippocampus have indicated that accumulation of mRNA at stimulated synapses is observed for arc mRNA but not for CamKIIa and MAP2 (Steward et al., 1998) . Together, these findings indicate that only a subset of neuritically localized transcripts is specifically targeted to the synapse. One class of transcripts that may localize to synapses includes those encoding growth factors and growth factor receptors. In rodent hippocampus, various forms of stimuli have been shown to increase the amount of dendritically localized BDNF and trkB mRNAs (Tongiorgi et al., 1997) . Under certain stimulation conditions, both BDNF and trkB transcripts localize to specific dendritic lamina in an NMDA-receptor-dependent manner (Tongiorgi et al., 2004) , suggesting that, like arc mRNA, these transcripts may localize specifically to stimulated synapses. While the exact function of sensorin is not known, sensorin does possess several characteristics of a growth factor. Schacher and colleagues have found that the secreted peptide activates MAP kinase in SNs through a receptor tyrosine kinase and that it plays a role in the formation and maintenance of specific synapses (Hu et al., 2004) . They have also reported that contact with a MN induces release of sensorin from the SN and that this release in turn regulates synaptic efficacy and structure (Hu et al., 2004) . Together, these results raise the possibility that the function of growth factors in neurons may be regulated by RNA localization and local translation.
mRNA localization and regulated translation have been well studied in the context of both axon guidance and synaptic plasticity (Martin, 2004) . In both instances, local translation provides a mechanism for spatially restricting gene expression within the cell. In this study, we find that synapse formation alters the distribution of a specific mRNA-that encoding the peptide neurotransmitter sensorin. This change in mRNA localization can be used as a specific marker of synapse formation and may contribute to the establishment and/or maintenance of synapses.
Experimental Procedures
Aplysia Cell Culture and Electrophysiology A detailed culture protocol is available at http://www.gonda.ucla. edu/researchlabs/martin/protocols.htm. EPSP amplitude was measured as described in Zhao et al., 2003 . Sensory cells were injected with GFP-VAMP (200 ng/ml, kindly provided by Wayne Sossin, McGill University), using 3-5 MU resistance electrodes. SNs were labeled with 10 mM Alexa 488 (Molecular Probes, OR) in 200 mM KCl by iontophoresis, with 22.0 nA hyperpolarizing current pulses (20 Hz) for 10 min. In relevant experiments, cultures were incubated with actinomycin D (50 mM; Calbiochem) or emetine (100 mM; Calbiochem) 1 hr before addition of the MN.
DsRNA
Sensorin dsRNA was prepared by using Ambion's Silencer Cocktail Kit from a PCR-generated DNA template (316 bp of 5 0 end of sensorin) with opposing T7 promoters. A negative control template (Ambion) consisting of random sequences with no significant homology to mouse, rat, or human gene sequences was used to prepare 500 bp-long control dsRNA. dsRNA (500 ng/ml) was microinjected into the sensory cell 4-6 hr after plating by brief pressure pulses (10-12 psi for three to five 50 ms pulses).
In Situ Hybridization
Alkaline phosphatase ISH staining was done as described previously (Moccia et al., 2003) . For ISH using TSA fluorescent staining, cultured cells were fixed with 4% paraformaldehyde/30% sucrose in PBS for 10 min, permeabilized with 0.5% Triton X-100 in PBS for 5 min, and hybridized as above. Cells were incubated with 3% hydrogen peroxide in PBS for 15 min to quench endogenous peroxidase activity, then with anti-digoxigenin-POD antibody (Roche), and labeled with TSA-Plus Cy3 system (NEN) according to the manufacturer's directions.
Immunocytochemistry and Immunoblotting
A detailed protocol for immunocytochemistry is provided at http:// www.gonda.ucla.edu/researchlabs/martin/protocols.htm (using saponin permeabilization). Rabbit polyclonal anti-sensorin antibodies were prepared against the peptide TRSKNNVPRRFPRARYRVG YMF. Mouse anti-KDEL monoclonal antibodies were from StressGen (Victoria, BC, Canada; 1:50); rabbit anti-58K Golgi protein was from Abcam Inc. (Cambridge, MA; 1:50), and rabbit anti-eEF2 was from Cell Signaling Technology (Beverly, MA; 1:100). For immunoblotting, proteins were resolved on a 10% SDS-PAGE gel, transferred to a polyvinylidene fluoride (PVDF) membrane, probed with primary antibodies and HRP-conjugated secondary antibodies, followed by enhanced chemiluminescence.
Imaging and Quantification
Alkaline phosphatase signal was visualized on a Zeiss Axiovert 135 microscope. Images were acquired using a Sony digital still camera and transferred to Universal Imaging Metamorph Program for quantification. A line starting from the soma and extending to the growth cone was drawn through the one to three largest dendrites. This line was then used to create a linescan graph of the immunoreactivity. Pixel intensity (binned by 3 mm increments) was analyzed with Prism Graphpad software. FISH samples were imaged on a Zeiss Pascal scanning laser microscope, and the CV was determined as above using Metamorph software.
Statistical Analysis
Statistical significance was analyzed using Prism Graphpad 4.0 software by ANOVA and Newman-Keul's multiple range test when greater than two conditions were compared, and by an unpaired Student's t test when only two conditions were compared.
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